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Introduction {#phy213830-sec-0001}
============

All mammals, including humans, have an autonomic reflex that facilitates survival during underwater submergence. This so‐called diving response includes a parasympathetically mediated bradycardia, a sympathetically mediated increase in peripheral vascular tone, and apnea (Butler and Jones [1997](#phy213830-bib-0005){ref-type="ref"}; Panneton [2013](#phy213830-bib-0035){ref-type="ref"}). A related reflex, the nasopharyngeal response, produces these same efferent responses in anesthetized animals upon stimulation of the nasal passages (McCulloch [2012](#phy213830-bib-0027){ref-type="ref"}). This reflex is primarily a defensive reflex protecting the airways and lungs against noxious chemical irritants (Panneton [2013](#phy213830-bib-0035){ref-type="ref"}). Primary afferent fibers innervating the nose and nasal passages are important for initiating both the diving and nasopharyngeal responses (McCulloch [2012](#phy213830-bib-0027){ref-type="ref"}; Panneton [2013](#phy213830-bib-0035){ref-type="ref"}). The anterior ethmoidal nerve (AEN), which innervates the anterior nasal mucosa (Greene [1963](#phy213830-bib-0015){ref-type="ref"}), is thought to be primarily responsible for providing the sensory afferent signals that initiate these protective reflexes (McCulloch [2012](#phy213830-bib-0027){ref-type="ref"}; Panneton [2013](#phy213830-bib-0035){ref-type="ref"}). For instance, electrical stimulation of the AEN produces the same intense cardiorespiratory reflex as does the stimulation of the nasal passages (Dutschmann and Herbert [1998](#phy213830-bib-0010){ref-type="ref"}; McCulloch et al. [1999](#phy213830-bib-0029){ref-type="ref"}; Rozloznik et al. [2009](#phy213830-bib-0044){ref-type="ref"}). Additionally, bilateral sectioning of the AENs causes an attenuation of the nasopharyngeal response (Rybka and McCulloch [2006](#phy213830-bib-0045){ref-type="ref"}).

More recently, however, the importance of the AEN in initiating these reflexes has been placed in doubt. Rats voluntarily diving through an underwater maze were able to initiate a full diving response, including an intense bradycardia and an increase in arterial blood pressure, after the AENs were cut bilaterally (Chotiyanonta et al. [2013](#phy213830-bib-0006){ref-type="ref"}). Further, when these same rats were anesthetized, the cardiorespiratory responses to nasal stimulation with ammonia vapors were fully intact 9 days after AEN sectioning, and were similar to control animals without bilaterally sectioned AENs (Chotiyanonta et al. [2013](#phy213830-bib-0006){ref-type="ref"}). Thus there is a discrepancy between the results from Rybka and McCulloch ([2006](#phy213830-bib-0045){ref-type="ref"}) and Chotiyanonta et al. ([2013](#phy213830-bib-0006){ref-type="ref"}). In anesthetized rats with bilateral AEN sectioning the nasopharyngeal response is attenuated acutely (Rybka and McCulloch [2006](#phy213830-bib-0045){ref-type="ref"}), but returns fully 9 days after AEN sectioning (Chotiyanonta et al. [2013](#phy213830-bib-0006){ref-type="ref"}).

The present experiments were therefore designed to investigate the restoration of the nasopharyngeal response after bilateral sectioning of the AENs. We recorded the cardiorespiratory responses to nasal stimulation with ammonia vapors 3 and 9 days after bilateral AEN sectioning. We also processed brainstem tissue for Fos, a measure of neuronal activation (Dragunow and Faull [1989](#phy213830-bib-0008){ref-type="ref"}; Hughes and Dragunow [1995](#phy213830-bib-0017){ref-type="ref"}; Coggeshall [2005](#phy213830-bib-0007){ref-type="ref"}), to determine how the restoration of the nasopharyngeal response would affect activity of neurons in the medullary dorsal horn (MDH), the part of the ventral spinal trigeminal nucleus caudalis region that receives primary afferent signals from the nose and nasal passages (Anton and Peppel [1991](#phy213830-bib-0003){ref-type="ref"}; Hollandsworth et al. [2009](#phy213830-bib-0016){ref-type="ref"}).

Materials and Methods {#phy213830-sec-0002}
=====================

All study procedures were approved by the Midwestern University IACUC. Adult male Sprague‐Dawley rats were purchased from a commercial vendor (Harlan, Indianapolis IN) and were housed within the Midwestern University Animal Facility. Rats were initially caged in pairs and were housed in accordance with NIH guidelines for the care and use of laboratory animals. Food and water were available ad libitum. After bilateral AEN surgery (see below), rats were caged individually.

Experiments were designed to determine the effect bilateral AEN sectioning, and recovery from bilateral AEN sectioning, has upon the responses to nasal stimulation with ammonia vapors. In rats with bilateral AEN sectioning, a 0 (Acute), 3, or 9 day delay separated the AEN surgery from the testing of the responses to nasal stimulation. These responses were compared to the responses from Control rats that had Sham AEN sectioning. In all rats receiving repetitive nasal stimulation, the cardiorespiratory responses were recorded and then later the ventral spinal trigeminal nucleus caudalis region was inspected for the presence of Fos‐positive neurons.

AEN surgery {#phy213830-sec-0003}
-----------

For bilateral AEN sectioning, rats were initially anesthetized using isoflurane (5%/vol initial induction, then 2--3%/vol maintenance, in 95% O~2~ and 5% CO~2~) and then placed in a stereotaxic device (Kopf Instruments, Tujunga CA). Under aseptic conditions, the orbit was exposed and the eyeball was retracted laterally. Using a stereoscopic surgical microscope, the AEN was identified within the orbit as it passed through the anterior ethmoidal foramen. The AEN was separated from the accompanying artery and vein. In all animals that received AEN sectioning, a 1 mm piece of nerve was removed from the AEN, which confirmed the denervation. In Sham animals, the AEN was isolated but left intact. Surgical procedures were repeated contralaterally. Ketoprofen (3--5 mg/kg sc) was used as a postsurgical analgesic for animals recovering from AEN surgery (3 and 9 day rats) both immediately after the surgery and again 24 h later.

Nasal stimulation with ammonia vapors {#phy213830-sec-0004}
-------------------------------------

The nasal passages of rats (*N *= 20; *n *= 5 in each of four groups; weights: 270--370 g) were stimulated using methods similar to those of Rybka and McCulloch ([2006](#phy213830-bib-0045){ref-type="ref"}). In Acute and Sham rats, still anesthetized with isofluorane from the AEN surgery, the right femoral vein and artery were cannulated for administration of drugs and recording of blood pressure, respectively. The trachea was transected and a tube was inserted caudally to enable breathing, and a nasopharyngeal tube was inserted rostrally to enable stimulation of the nasal passages (see below). Other rats, after a 3 or 9 day delay following bilateral AEN sectioning, were re‐anesthetized with isoflurane (5%/vol initial induction, then 2--3%/vol maintenance, in 95% O~2~ and 5% CO~2~) and received the same cannulations. After completion of all surgical procedures, all rats were gradually switched to urethane anesthesia (1 g/kg, iv) and breathed room air through the caudal‐facing tracheal cannula.

For nasal stimulation trials, a cotton swab soaked in 100% ammonia was held close to the external nares for 5 s while a suction pump connected to the nasopharyngeal tube drew the ammonia vapors through the nasal passages. The nasal passages of rats were stimulated every 5 min for 2 h, for a total of 24 stimulation trials. To record blood pressure, the arterial cannula was connected to a pressure transducer. To record respiration, a temperature probe was placed in the tracheal cannula. The pretrial parameters were measured within 30 sec of the trial, during a 10 sec period when all the parameters were in steady state after turning on the nasopharyngeal suction pump. For the trial, the time period when obvious cardiorespiratory changes were occurring determined the duration of the response and thus when trial cardiorespiratory measurements were taken. All electronic signals were amplified (Grass 7P122; Astro‐Med, West Warwick RI) and transmitted through an A/D board (micro1402; CED, Cambridge UK) to a computer where they were stored and later analyzed using appropriate software (Spike2; CED). Heart rate was determined from pulse pressure intervals.

Fos‐positive neurons within the spinal trigeminal nucleus {#phy213830-sec-0005}
---------------------------------------------------------

One hour after the completion of all nasal stimulation trials, each rat was deeply anesthetized with a concentrated sodium pentobarbital solution (Sleepaway, iv; Fort Dodge IA) and perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in 0.1 mol/L phosphate buffered saline. The brain and rostral spinal cord were removed and placed in 20% phosphate‐buffered sucrose solution and refrigerated for at least 24 h at 4°C. The brainstem was then cut in transverse frozen sections (50 *μ*m) from the rostral spinal cord to the inferior colliculus. A 1 in 3 series was immunologically processed for Fos. The Fos staining procedure consisted of incubating sections at room temperature overnight in a primary antibody (rabbit polyclonal IgG specific for c‐fos p62, 1:1000 dilution; SC‐052, Santa Cruz, Dallas TX) and then incubating them in a secondary antibody (goat anti‐rabbit biotinylated secondary IgG, 1:200 dilution; Vector, Burlingame CA) for 1 h. The sections were then washed in Vectastain Elite solution (Vector) for 1 h for signal amplification. DAB (0.05%) enhanced with nickel was used as the chromagen to visualize the Fos immunoreactive product. This immunohistological procedure produced a black nucleus in Fos‐positive neurons. The sections were serially mounted on gelatin‐coated glass slides, counterstained with Neutral red (0.03% at pH 4.45), dehydrated in alcohol, defatted in xylene, and coverslipped. Slides were re‐identified with a random code to blind the identity of the rat during counting of Fos‐positive neurons. This blinding code was not broken until the completion of all neuronal counting.

With the aid of a brain atlas (Paxinos and Watson [1998](#phy213830-bib-0041){ref-type="ref"}), Fos‐positive neurons were counted bilaterally in the ventral spinal trigeminal nucleus caudalis region, using a Nikon E600 light microscope and Northern Eclipse software (Empix Imaging; Mississauga ON). Fos‐positive neurons were darker in intensity than other nearby neurons. The spinal trigeminal caudalis region was located between the pyramidal tract caudally and obex rostrally (9--10 sections), and included the superficial MDH and the scattered neurons of the paratrigeminal nucleus located within the adjacent spinal trigeminal tract. Fos‐positive neurons were counted in the ventral half of the MDH superficial laminae (laminae I and II). Fos‐positive neurons were also counted in the ventral half of the paratrigeminal nucleus, near the ventral pole of MDH.

Data presentation and statistical analysis {#phy213830-sec-0006}
------------------------------------------

All cardiorespiratory and Fos data were compiled in Excel. Original cardiorespiratory traces were analyzed using Spike2. Heart rate (HR, beats/min (bpm)), mean arterial blood pressure (MAP, mmHg), and respiratory rate (RR, breaths/min) are presented as mean ± standard error (SE). The duration of apnea, if present, was also measured during the period of nasal stimulation. The number of Fos‐positive neurons is presented as the mean number of Fos‐positive neurons per hemisection ± SE appearing in each brain region. Data were tested for statistical significance using two‐way and one‐way ANOVAs, and *t*‐tests, as necessary (SigmaPlot 12; Systat, San Jose CA), with significance set at *P* \< 0.05. For two‐way ANOVAs, the main effects were Time (Sham, Acute, 3 Day, and 9 Day) and Trial (pre and during ammonia vapor trials). In the case of a significant *P*‐value, post hoc testing with the Holm‐Sidak Pairwise Multiple Comparison Procedure determined significantly different groups. In some two‐way ANOVAs, the normality test failed, in which case a repeated measures two‐way ANOVA was performed. All graphs were created using SigmaPlot. Brain images were taken using a digital camera (Micropublisher; Q‐Imaging, Surrey BC) attached to the Nikon microscope, and Northern Eclipse software. Figures were composed and labeled using CorelDRAW (Corel, Ottawa ON).

To facilitate comparisons of Fos labeling patterns between different groups, sections were organized into six caudal‐rostral levels, each approximately 200 *μ*m thick, from the pyramidal decussation caudally to obex rostrally. Data (Fos‐positive neurons) from all individual brainstem sections were superimposed on the appropriate cross‐section, providing representative labeling at each of the six caudal‐rostral levels. The pyramidal decussation represented the transition between the rostral spinal cord and the caudal medulla. Calamus scriptorius was defined as the most caudal extent of area postrema, just as the dorsal columns separate. Obex was defined as the opening of the central canal into the fourth ventricle.

Results {#phy213830-sec-0007}
=======

Cardiorespiratory {#phy213830-sec-0008}
-----------------

In Sham rats with intact AENs (Fig. [1](#phy213830-fig-0001){ref-type="fig"}A; Table [1](#phy213830-tbl-0001){ref-type="table"}), ammonia vapor stimulation of the nasal passages caused a significant 53% decrease in HR (from 365 ± 10 to 172 ± 18 beats/min, with the lowest HR reaching 83 ± 13 beats/min), a significant 16% increase in MAP (from 122 ± 6 to 142 ± 4 mmHg), a significant 82% decrease in respiratory rate (from 98 ± 2 to 18 ± 2 breaths/min), and apnea lasting 9.1 ± 1.3 sec.

![Cardiorespiratory responses to repetitive stimulation of the nasal passages with ammonia vapors in rats with AENs intact (A, Sham) and with AENs cut bilaterally (B, Acute; C, 3 Day; D, 9 Day). Sham received nasal stimulation immediately after sham AEN surgery. Acute received nasal stimulation immediately after bilateral AEN sectioning. Other rats experienced a 3 or 9 day delay between bilateral AEN sectioning and nasal stimulation. In each panel, from top: heart rate, pulsatile arterial blood pressure, and respiration (Resp; up is inspiration (Insp) and down is expiration (Exp). Solid bar underneath each tracing indicates period of nasal stimulation.](PHY2-6-e13830-g001){#phy213830-fig-0001}

###### 

Heart Rate (HR; beats/min), mean arterial Blood Pressure (MAP; mmHg), respiratory rate (RR; breaths/min), and apnea (s) responses before (pretrial) and during (trial) 5 sec of nasal stimulation with ammonia vapors

                 Sham        Acute       3 Days      9 Days
  -------------- ----------- ----------- ----------- -----------
  Pretrial HR    365 ± 10    392 ± 26    364 ± 10    403 ± 11
  Trial HR       172 ± 18    318 ± 53    227 ± 35    232 ± 22
  Lowest HR      83 ± 13     239 ± 63    126 ± 37    117 ± 17
  Pretrial MAP   122 ± 6     125 ± 2     130 ± 2     135 ± 3
  Trial MAP      142 ± 4     153 ± 3     148 ± 5     155 ± 2
  Pretrial RR    98 ± 2      107 ± 8     95 ± 7      103 ± 5
  Trial RR       18 ± 2      64 ± 20     31 ± 10     27 ± 4
  Apnea          9.1 ± 1.3   3.3 ± 1.3   6.7 ± 1.3   5.3 ± 0.3

The lowest HR and apnea duration were determined by the longest pulse pressure interval and longest duration without respiratory effort, respectively, during the nasal stimulation trial. The anterior ethmoidal nerve (AEN) was sectioned bilaterally in all animals except in Sham rats. Sham received nasal stimulation immediately after sham AEN sectioning. Acute received nasal stimulation immediately after bilateral AEN sectioning. Other rats experienced a 3 or 9 day delay between bilateral AEN sectioning and nasal stimulation. *N *= 5 for each of the four groups.

John Wiley & Sons, Ltd

After sectioning the AENs bilaterally (Fig. [1](#phy213830-fig-0001){ref-type="fig"}), the HR responses to ammonia vapor stimulation of the nasal passages were attenuated compared to Sham (Fig. [2](#phy213830-fig-0002){ref-type="fig"}A; Table [1](#phy213830-tbl-0001){ref-type="table"}). The greatest attenuation of the bradycardia occurred in Acute rats. However, after a delay of 3 or 9 days between AEN sectioning and nasal stimulation, the bradycardia intensified compared to the response from Acute rats. A two‐way ANOVA post hoc analysis indicated HR responses to nasal stimulation were significantly different in Acute compared with Sham, 3 and 9 day rats (*P* \< 0.001; Fig. [2](#phy213830-fig-0002){ref-type="fig"}A). The absolute decrease in HR (pretrial HR minus trial HR) was 192 ± 14 beats/min in the Sham rats, 74 ± 31 beats/min in the Acute rats, and 137 ± 32 and 171 ± 28 beats/min in the 3 and 9 day rats, respectively. A one‐way ANOVA indicated the absolute decrease in HR was significantly different in Sham versus Acute (*P *= 0.037). However, one‐way ANOVAs indicated the trial HR (*P *= 0.061) and the lowest HR (*P *= 0.051) were not significantly different between the four groups.

![Mean Heart Rate (HR), arterial Blood Pressure (MAP), and respiratory rate responses (±SE) during nasal stimulation with ammonia vapors in rats with AENs intact (Sham) and with AENs cut bilaterally (Acute, 3 Day and 9 Day). Solid bar: pretrial; Open bar: trial; Cross‐hatched bar: Lowest heart rate during the trial. Nasal stimulation causes (A) a significant decrease in heart rate; (B) a significant increase in mean arterial blood pressure; and (C) a significant decrease in respiratory rate. Using two‐way ANOVAs: 1* *= HR responses to nasal stimulation significantly different in Acute compared with Sham, 3 and 9 day rats; 2* *= trial respiratory rate was significantly greater in Acute than in Sham. *N* = 5 for each of the four groups.](PHY2-6-e13830-g002){#phy213830-fig-0002}

After sectioning the AENs bilaterally, the blood pressure responses to ammonia vapor stimulation of the nasal passages were both qualitatively and quantitatively similar to Sham (Fig. [2](#phy213830-fig-0002){ref-type="fig"}B; Table [1](#phy213830-tbl-0001){ref-type="table"}). A two‐way ANOVA indicated nasal stimulation caused a significant increase in MAP in all four groups (*P* \< 0.001), while one‐way ANOVAs indicated pretrial MAP (*P *= 0.088) and trial MAP (*P *= 0.092) were not significantly different between the four groups. After sectioning the AENs bilaterally, the respiratory responses to ammonia vapor stimulation of the nasal passages were attenuated compared to Sham (Fig. [2](#phy213830-fig-0002){ref-type="fig"}C; Table [1](#phy213830-tbl-0001){ref-type="table"}). A two‐way ANOVA indicated nasal stimulation caused a significant decrease in respiratory rate in all four groups (*P* \< 0.001; Fig. [2](#phy213830-fig-0002){ref-type="fig"}C); post hoc analysis indicated a trial respiratory rate significantly greater in Acute than in Sham (*P *= 0.026). A one‐way ANOVA indicated apnea was significantly shorter in Acute than in Sham (Table [1](#phy213830-tbl-0001){ref-type="table"}; *P *= 0.018).

Fos‐positive neurons {#phy213830-sec-0009}
--------------------

Fos‐positive neurons were counted bilaterally within the ventral MDH and ventral paratrigeminal nucleus. Other brainstem locations contained Fos‐positive neurons, but these areas were not quantified.

In Sham rats with intact AENs, ammonia vapor stimulation of the nasal passages caused activation of 3.8 ± 0.6 and 25.5 ± 4.3 Fos‐positive neurons per hemisection within the ventral paratrigeminal nucleus and ventral MDH, respectively (Figs. [3](#phy213830-fig-0003){ref-type="fig"}A, [4](#phy213830-fig-0004){ref-type="fig"}). After sectioning the AENs bilaterally, the total number of Fos‐positive nuclei found after repetitive stimulation of the nasal passages generally decreased (Figs. [3](#phy213830-fig-0003){ref-type="fig"}B--D, [4](#phy213830-fig-0004){ref-type="fig"}). However, in MDH, there was only a significant decrease in Fos labeling 3 days after AEN sectioning compared with Sham, as indicated by a one‐way ANOVA (*P *= 0.014; Fig. [4](#phy213830-fig-0004){ref-type="fig"}B). Additionally, in the paratrigeminal nucleus, there was only a significant decrease in Fos labeling 3 days after AEN sectioning compared with Sham (*P *= 0.02) and Acute (*P *= 0.01), as indicated by *t*‐tests (Fig. [4](#phy213830-fig-0004){ref-type="fig"}A). When Fos labeling was plotted at six separate caudal‐rostral levels, a two‐way ANOVA indicated differences between the four groups within the ventral paratrigeminal nucleus (*P *= 0.016; Fig. [5](#phy213830-fig-0005){ref-type="fig"}A); post hoc analysis indicated Sham was significantly greater than 3 Day (*P *= 0.015). Within ventral MDH, a significant interaction between groups and caudal‐rostral level precluded main effect analysis using a two‐way ANOVA. Instead, one‐way ANOVAs at individual caudal‐rostral levels indicated significantly more Fos‐positive neurons in Sham at 3 caudal‐rostral levels at and just rostral to calamus scriptorius (*P *= 0.003 at Calamus; *P *= 0.030 at iv; and *P* \< 0.001 at v; Fig. [5](#phy213830-fig-0005){ref-type="fig"}B).

![Brightfield photomicrographs of Fos‐positive neurons within the ventral trigeminal region at the level of calamus scriptorius after repetitive nasal stimulation with ammonia vapors in rats with AENs intact (A, Sham) and with AENs cut bilaterally (B, Acute; C, 3 Day; and D, 9 Day). Fos‐positive neurons were present in the ventral tip of the superficial laminae of the medullary dorsal horn (MDH), as well as in the ventral paratrigeminal nuclei (Para) located within the spinal trigeminal tract (sp5). Scale bar in A is 100 *μ*m for panels A‐D. Insets are examples of Fos‐positive neurons at 100x magnification of indicated rectangular region. All four panels correspond to Figure 77 from Paxinos and Watson ([1998](#phy213830-bib-0041){ref-type="ref"}).](PHY2-6-e13830-g003){#phy213830-fig-0003}

![Total Fos‐positive neuron counts (mean ± SE) within the ventral (A) paratrigeminal nucleus and (B) MDH after repetitive nasal stimulation with ammonia vapors. Sham received nasal stimulation immediately after sham AEN sectioning. Acute received nasal stimulation immediately after bilateral AEN sectioning. Other rats experienced a 3 or 9 day delay between bilateral AEN sectioning and nasal stimulation. Using one‐way ANOVA: 1* *= significantly different from Sham. Using *t*‐tests: a* *= significantly different from Sham; b* *= significantly different from Acute. *N *= 5 for each of the four groups.](PHY2-6-e13830-g004){#phy213830-fig-0004}

![Counts of Fos‐positive neurons (mean ± SE) within the ventral (A) paratrigeminal nucleus and (B) medullary dorsal horn at each of six caudal‐rostral levels. Filled square (▴; *N *= 5): Sham; Open circle (○; *N *= 5): Acute; Filled down triangle (▾; *N *= 5): 3 Day; and Open up triangle (▵; *N *= 5): 9 Day. Using two‐way ANOVA: 1* *= Sham is significantly different from 3 Day. Using one‐way ANOVAs at individual caudal‐rostral levels: 2* *= significantly different from other three groups; 3* *= significantly different from 3 Day.](PHY2-6-e13830-g005){#phy213830-fig-0005}

Discussion {#phy213830-sec-0010}
==========

The present experimental results confirm cardiorespiratory responses to nasal stimulation are attenuated after acute bilateral sectioning of the AENs. The novel findings from these experiments are that the attenuated cardiorespiratory responses to nasal stimulation show a partial restoration after waiting as few as 3 days after bilateral sectioning of the AENs. The bradycardic response to nasal stimulation is significantly more intense 3 days after AEN sectioning compared to Acute AEN sectioning. Immunohostochemical data confirm activation of neurons within MDH and paratrigeminal nucleus after nasal stimulation when the AENs are intact. After the AENs are cut acutely there is a decrease in the number of Fos‐positive neurons within rostral MDH. Surprisingly, 3 days after AEN sectioning the number of Fos‐positive neurons within MDH and paratrigeminal nucleus significantly decreased compared with Sham, even though the cardiorespiratory responses to nasal stimulation intensified. Collectively, these findings indicate, besides the AEN, alternate sensory pathways can activate neurons within the trigeminal nucleus in response to nasal stimulation. The findings further suggest trigeminal neuronal plasticity involving these alternate sensory pathways occurs within 3 days after sectioning of the AENs. Finally, activation of even a significantly reduced number of MDH neurons is sufficient to initiate the nasopharyngeal response.

Cardiorespiratory responses to nasal stimulation in anesthetized rats {#phy213830-sec-0011}
---------------------------------------------------------------------

Ammonia stimulation of the nasal passages of rats produced a cardiorespiratory response similarly described by others (Rybka and McCulloch [2006](#phy213830-bib-0045){ref-type="ref"}; Panneton et al. [2010b](#phy213830-bib-0039){ref-type="ref"}). When both AENs were intact, nasal stimulation caused significant bradycardia, hypertension, and apnea. The bradycardia is parasympathetically mediated, while the increase in MAP is sympathetically mediated through a selective increase in peripheral vasoconstriction (Panneton [2013](#phy213830-bib-0035){ref-type="ref"}). In addition, this nasopharyngeal response is similar to that seen during voluntary diving in rats (McCulloch et al. [2010](#phy213830-bib-0030){ref-type="ref"}; Panneton et al. [2010a](#phy213830-bib-0038){ref-type="ref"},[b](#phy213830-bib-0039){ref-type="ref"}, [2012](#phy213830-bib-0040){ref-type="ref"}; Chotiyanonta et al. [2013](#phy213830-bib-0006){ref-type="ref"}). After acute bilateral sectioning of the AENs, ammonia vapor stimulation of the nasal passages still caused bradycardia, hypertension, and apnea. However, compared to Sham, there was a significantly reduced bradycardia, a significantly increased respiratory rate, and a significantly shorter apnea. The blood pressure response to nasal stimulation was not significantly different between Acute and Sham. These cardiorespiratory responses from rats with acutely sectioned AENs were similar to those described by Rybka and McCulloch ([2006](#phy213830-bib-0045){ref-type="ref"}). Thus, we confirm the results of Rybka and McCulloch ([2006](#phy213830-bib-0045){ref-type="ref"}) who concluded the AEN is an important component for the initiation of the nasopharyngeal response in the rat since the response is significantly attenuated after bilaterally cutting the nerves.

In contrast to the results from rats with acutely sectioned AENs, waiting a few days after AEN sectioning produced an intensification of the cardiorespiratory responses to nasal stimulation with ammonia vapors. Waiting 3 or 9 days after AEN sectioning produced a significantly more intense bradycardia compared with Acute. The bradycardia after 3 and 9 day waits were neither significantly different from each other, nor from Sham. Additionally, the respiratory rate and apnea responses in the 3 and 9 day rats were no different from Sham. In contrast, the blood pressure responses to nasal stimulation were not significantly different in the 3 and 9 day rats compared with Acute, or Sham. Thus, the first conclusion from these results is the nasopharyngeal response to nasal stimulation is significantly different 3 days following AEN sectioning versus acute AEN sectioning. A second conclusion is the nasopharyngeal response to nasal stimulation is not significantly different 3 days following AEN sectioning versus when the AENs are intact.

This second conclusion is similar to that reported by Chotiyanonta et al. ([2013](#phy213830-bib-0006){ref-type="ref"}) who found the cardiorespiratory responses to nasal stimulation with either ammonia vapors or water were identical in rats 9 days after either sham or bilateral sectioning of the AENs. Indeed, it was the discrepancy between the results from Rybka and McCulloch ([2006](#phy213830-bib-0045){ref-type="ref"}) and Chotiyanonta et al. ([2013](#phy213830-bib-0006){ref-type="ref"}) that prompted the present investigation. Since the full nasopharyngeal response returned after 9 days (Chotiyanonta et al. [2013](#phy213830-bib-0006){ref-type="ref"}), but was attenuated acutely (Rybka and McCulloch [2006](#phy213830-bib-0045){ref-type="ref"}), when after AEN sectioning do the nasopharyngeal responses return to those seen in intact animals? Preliminary experiments indicated waiting either 7 or 5 days after AEN sectioning produced responses similar to those found after waiting 9 days. We thus decided to wait just 3 days, and found the cardiorespiratory responses to nasal stimulation are not significantly different compared to when the AENs are intact. Therefore, alternate, non‐AEN, nasal sensory pathways responding to nasal stimulation are only partially functional immediately after AEN sectioning, and become more functional sometime between 0 and 72 h after AEN sectioning.

Neuronal Fos responses to nasal stimulation in anesthetized rats {#phy213830-sec-0012}
----------------------------------------------------------------

The ventral MDH and ventral paratrigeminal nucleus were chosen for Fos quantification in the present study, as these locations show a significant increase in Fos expression during repetitive nasal stimulation with water or ammonia vapors (Dutschmann and Herbert [1997](#phy213830-bib-0009){ref-type="ref"}; McCulloch and Panneton [1997](#phy213830-bib-0028){ref-type="ref"}; Rybka and McCulloch [2006](#phy213830-bib-0045){ref-type="ref"}), or after electrical stimulation of the AEN (Dutschmann and Herbert [1997](#phy213830-bib-0009){ref-type="ref"}), compared with unstimulated control animals. Other brainstem locations besides the ventral spinal trigeminal region contained Fos‐positive neurons, but were not quantified because anesthesia can affect the interpretation of Fos expression in efferent areas of a brainstem reflex circuit (McCulloch and Panneton [1997](#phy213830-bib-0028){ref-type="ref"}; Coggeshall [2005](#phy213830-bib-0007){ref-type="ref"}; Panneton et al. [2012](#phy213830-bib-0040){ref-type="ref"}).

As with previous studies, nasal stimulation with ammonia vapors produced an increase in the number of Fos‐positive neurons in both ventral MDH and ventral paratrigeminal nucleus. A limitation to the present study, however, is that we did not use a control group that did not receive any nasal stimulation. This was in effort to reduce the number of research animals used. We feel this is a valid trade‐off, because several previous studies have shown animals not receiving nasal stimulation have a near absence of Fos‐positive neurons in these same brainstem areas (McCulloch and Panneton [1997](#phy213830-bib-0028){ref-type="ref"}; McCulloch [2005](#phy213830-bib-0026){ref-type="ref"}; Rybka and McCulloch [2006](#phy213830-bib-0045){ref-type="ref"}; Panneton et al. [2012](#phy213830-bib-0040){ref-type="ref"}; McCulloch et al. [2016](#phy213830-bib-0031){ref-type="ref"}).

The central processes of the AEN terminate primarily in the ipsilateral ventral superficial (laminae I and II) MDH and adjacent paratrigeminal nucleus (Panneton et al. [2000](#phy213830-bib-0036){ref-type="ref"}, [2006](#phy213830-bib-0037){ref-type="ref"}; Hollandsworth et al. [2009](#phy213830-bib-0016){ref-type="ref"}). Additionally, the central projections of the AEN co‐localize with neurons activated by nasal stimulation (Hollandsworth et al. [2009](#phy213830-bib-0016){ref-type="ref"}). Thus, we expected the observed decrease in Fos‐positive neurons within the ventral MDH in Acute after nasal stimulation, as had been found by Rybka and McCulloch ([2006](#phy213830-bib-0045){ref-type="ref"}). However, we were surprised there was not a significant difference in the number of Fos‐positive neurons between Sham and Acute in MDH. Since peripheral neural injury can lead to long‐lasting spontaneous activity in sensory neurons (Ambron and Walters [1996](#phy213830-bib-0002){ref-type="ref"}), it is possible that the physical act of cutting the AENs secondarily induced MDH and paratrigeminal neurons to express Fos (Rybka and McCulloch [2006](#phy213830-bib-0045){ref-type="ref"}). Additionally, there is considerable variability in the time that it takes for Fos to disappear after nerve lesions, with Fos label persisting within the dorsal horn for as long as 14 days (Coggeshall [2005](#phy213830-bib-0007){ref-type="ref"}). Further, trigeminal brainstem neurons become hyperexcitable after trigeminal nerve axotomy (Sharp et al. [1989](#phy213830-bib-0049){ref-type="ref"}; Terayama et al. [1997](#phy213830-bib-0050){ref-type="ref"}; Iwata et al. [2004](#phy213830-bib-0018){ref-type="ref"}). Thus, actual sectioning of the AENs may be partially responsible for the number of Fos‐positive neurons not being statistically different in MDH of Sham and Acute rats.

An interesting finding in the 3 day rats was that the number of Fos‐positive neurons within MDH was significantly decreased compared with Sham, even though the cardiorespiratory responses were not significantly different. This suggests relatively few activated neurons are actually necessary to activate the nasopharyngeal response. This conclusion was also made by Panneton et al. ([2012](#phy213830-bib-0040){ref-type="ref"}), who commented "these \[relatively few MDH\] neurons invoke a powerful influence over cardiorespiratory behavior with little modification." These MDH neurons apparently can become activated whether the AENs are intact or sectioned bilaterally.

Alternate pathways that mediate the nasopharyngeal response in anesthetized rats {#phy213830-sec-0013}
--------------------------------------------------------------------------------

After acute bilateral sectioning of the AENs, the cardiorespiratory response to nasal stimulation was attenuated but not completely eliminated. In Acute rats, nasal stimulation still produced decreases in heart rate and respiratory rate and a significant increase in MAP. Thus, after bilaterally sectioning the AENs, nasal stimulation still induced a cardiorespiratory response, albeit an attenuated one. This finding, also found by Rybka and McCulloch ([2006](#phy213830-bib-0045){ref-type="ref"}), therefore suggests the nasal passages are innervated by nerve(s) other than the AEN, that can by themselves contribute to the activation of brainstem neurons and at least partially induce the nasopharyngeal response. The nasal passages of the rat are innervated by several nerve branches from the ophthalmic and maxillary divisions of the trigeminal nerves (Greene [1963](#phy213830-bib-0015){ref-type="ref"}). The nasociliary branch of the ophthalmic division divides into the ethmoidal and internal nasal nerves that innervate the nasal sinus and mucous membrane of the nasal cavity. The pterygopalatine branch of the maxillary division divides into the nasopalatine, posterior superior nasal, and pharyngeal nerves that innervate the nasal cavity, nasal conchae, nasal septum, and nasopharynx. Also, the anterior superior alveolar branch of the maxillary division divides into the nasal nerve that innervates the mucous membrane of the nasal cavity. It is possible any, or all of these nerves, in addition to the AEN, are capable of producing a sensory signal that contributes to the initiation of the nasopharyngeal response. Indeed, it is possible these other nerve(s), in response to nasal stimulation in intact animals, preferentially produce an increase in sympathetic vasomotor activity. The significant increase in MAP during nasal stimulation is identical regardless of whether the AENs are intact or not. In contrast, only attenuated changes in HR and respiration are seen after acute bilateral AEN sectioning. The AEN, on the other hand, can produce all three of the autonomic changes associated with the nasopharyngeal response, as electrical stimulation of the AEN produces bradycardia, hypertension, and apnea (Dutschmann and Herbert [1998](#phy213830-bib-0010){ref-type="ref"}; McCulloch et al. [1999](#phy213830-bib-0029){ref-type="ref"}; Rozloznik et al. [2009](#phy213830-bib-0044){ref-type="ref"}). Thus, only after bilateral sectioning of the AENs can the full contributions of these other afferent nerve(s) be fully revealed.

The present results extend previous findings by demonstrating a restoration of the nasopharyngeal response occurs after waiting as few as 3 days after bilateral sectioning of the AENs. Thus, whatever non‐AEN alternate nerve(s) are involved in providing afferent information that help initiate the nasopharyngeal response, this pathway is only partially functional immediately after AEN sectioning, and is more fully operational within 72 h after nerve sectioning. It seems unlikely it would take a few days for non‐AEN airway receptors to be able to signal the presence of ammonia vapors in the nasal passages. Instead, it is more likely that the restoration of the nasopharyngeal response is due to neuronal plasticity within MDH.

Following nerve axotomy, retrograde signals from the site of injury are sent to the cell bodies to induce axonal repair (Fink and Gainer [1980](#phy213830-bib-0012){ref-type="ref"}; Ambron and Walters [1996](#phy213830-bib-0002){ref-type="ref"}; Abe and Cavalli [2008](#phy213830-bib-0001){ref-type="ref"}). Additionally, signals are sent down *central* branches of these neurons after peripheral nerve injuries (Benowitz et al. [1990](#phy213830-bib-0004){ref-type="ref"}), inducing changes within the dorsal horn (Molander et al. [1988](#phy213830-bib-0033){ref-type="ref"}; Koerber et al. [1994](#phy213830-bib-0020){ref-type="ref"}; Koerber and Mirnics [1996](#phy213830-bib-0019){ref-type="ref"}). These changes include both an increase in the number of dorsal horn synapses (Lin et al. [2011](#phy213830-bib-0022){ref-type="ref"}) and central sprouting of myelinated afferents (Woolf et al. [1992](#phy213830-bib-0051){ref-type="ref"}). However, these dorsal horn changes occur over many weeks, while within the present context, central plasticity within the dorsal horn needs to occur within 3 days to enable the observed restoration of the nasopharyngeal response after AEN sectioning. Additionally, in order for a retrograde signal to play a role in this central plasticity, it must be upregulated at some time point between 0 h and 3 days following the cutting of the AENs. This has led to the labeling of many genes as "regeneration associated genes" (RAGs; (Ma and Willis [2015](#phy213830-bib-0025){ref-type="ref"})). Examples are GAP‐43 (Schreyer and Skene [1993](#phy213830-bib-0046){ref-type="ref"}), ATF‐3 (Seijffers et al. [2007](#phy213830-bib-0048){ref-type="ref"}), and STAT3 (Schweizer et al. [2002](#phy213830-bib-0047){ref-type="ref"}; Qiu et al. [2005](#phy213830-bib-0043){ref-type="ref"}). Following nerve injury, significant changes in gene expression are visualized within 8--12 h (Michaelevski et al. [2010](#phy213830-bib-0032){ref-type="ref"}). For instance, gene expression of ATF3, JUN, SMAD1, ELF3, and STAT4 is maximal 9 h after sciatic nerve transection (Li et al. [2015](#phy213830-bib-0021){ref-type="ref"}). Thus, changes in gene transcription occurring in the trigeminal ganglion (Galef [1982](#phy213830-bib-0013){ref-type="ref"}), the site of AEN cell bodies, could provide the neuronal signal helping induce restoration of the nasopharyngeal response after AEN transection.

In addition to any retrograde signal originating in the trigeminal ganglion, central plasticity also needs to occur within 3 days to enable the observed restoration of the nasopharyngeal response after AEN sectioning. After bilateral AEN sectioning, secondary neurons within the MDH receiving afferent input from the AEN may now receive afferent input from other nerves that innervate the nasal passages (see above). This might require establishment and formation of new synapses. Additionally, Chotiyanonta et al. ([2013](#phy213830-bib-0006){ref-type="ref"}) suggested the existence of previously existing but functionally weak (i.e., "silent") synapses between non‐AEN nerve(s) and secondary neurons that strengthen and increase their efficacy after AEN sectioning. However, for either of these 2 mechanisms to occur, there must be molecular signaling occurring within the trigeminal nucleus initiating these changes.

Astrocytic glial cells modulate neuronal function and are involved in the establishment and rebuilding of neuronal circuits (Eto et al. [2018](#phy213830-bib-0011){ref-type="ref"}). During development, they release various synaptogenic molecules, such as thrombospondins (TSPs), that generate new synapses on dendrites of cortical neurons (Eto et al. [2018](#phy213830-bib-0011){ref-type="ref"}). In the spinal dorsal horn, astrocytes activated by peripheral nerve injury contribute to induction of spinal neuronal hyperactivity by releasing various molecules, such as cytokines and chemokines (Gao and Ji [2010](#phy213830-bib-0014){ref-type="ref"}). Additionally, within the brainstem spinal trigeminal nucleus, hyperactive astroglia are involved in enhancing neuroplastic responses of MDH neurons following nerve transection (Piao et al. [2006](#phy213830-bib-0042){ref-type="ref"}; Okada‐Ogawa et al. [2009](#phy213830-bib-0034){ref-type="ref"}; Lo et al. [2011](#phy213830-bib-0023){ref-type="ref"}), or experimental tooth movement (Luo et al. [2014](#phy213830-bib-0024){ref-type="ref"}). Thus, astrocytic‐mediated synaptogenesis within the MDH could contribute to restoration of the nasopharyngeal response following AEN transection.

Conclusion {#phy213830-sec-0014}
==========

The present experiments were designed to investigate restoration of the nasopharyngeal response after bilateral sectioning of the AENs. Results show after waiting as few as 3 days after bilateral sectioning of the AENs the attenuated cardiorespiratory responses to nasal stimulation show a partial restoration. The bradycardic response to nasal stimulation is significantly more intense 3 days after AEN sectioning compared to immediately after AEN sectioning. Additionally, immunohostochemical data indicate activation of neurons within MDH and paratrigeminal neurons after nasal stimulation both when the AENs are intact and after bilateral sectioning. These findings indicate other nerves innervate the nasal passages, and in the absence of the AEN, can activate neurons within the trigeminal nucleus in response to nasal stimulation. Since there was an attenuation of the cardiorespiratory responses acutely, neuronal plasticity within the trigeminal nucleus involving these alternate sensory pathways require a few days to enable restoration of the nasopharyngeal response.
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